The direct wide-bandgap gallium nitride (GaN) and other III-nitride semiconductors have attracted a great deal of interest for almost 20 years since they have tremendous applications in many optoelectronic devices such as light-emitting diodes (LEDs) and blue laser diodes. 1, 2 Very recently, GaN-based nanostructures, especially InGaN/GaN multiplequantum-wells (MQW)-based nanostructures, have been fabricated and investigated owing to their increased internal quantum efficiencies and light extraction efficiencies. [3] [4] [5] [6] [7] On the other hand, one interesting kind of lattice vibration can be localized on the surfaces of nanostructures, leading to a frequency intermediate between the transverse and longitudinal optical (TO and LO) phonon modes. 8, 9 Such phonon mode is usually called the surface optical (SO) phonon mode which could be observed when the translational symmetry of the surface potential is broken, i.e., surface roughness or construction of a grating. 10 For the SO phonon modes, experimental observations have been reported in GaP and ZnS nanostructures. [11] [12] [13] However, there are few reports on the SO phonon mode in the technologically important InGaN/ GaN MQWs structures which are commonly used as active layers in short-wavelength light-emitting devices. 8, [14] [15] [16] In this letter, we report an investigation of the SO phonon modes in the InGaN/GaN MQW nanopillars with different diameters by using scanning confocal micro-Raman spectroscopy/microscopy. The observed SO phonon frequency shows a distinct depend on the size of the nanopillars, which is consistent with the calculation result.
The GaN-based LED structures used in this study were grown by metalorganic chemical vapor deposition on c-axis sapphire substrates. Trimethylindium, trimethylgallium, and ammonia (NH 3 ) were used as indium, gallium, and nitrogen precursors in the epitaxy process, respectively. Bicyclopentadienyl magnesium (Cp 2 Mg) and silane (SiH 4 ) were employed as the sources of p-type and n-type dopants, respectively. The GaN-based LED structure has a 3.0 lm n-type GaN:Si layer, followed by five periods of InGaN/GaN MQW as an active layer, where well and barrier thicknesses were designed to be 3 and 30 nm, respectively. After the deposition of MQW, a 0.2 lm thick p-type GaN:Mg layer was deposited as the top contact layer. InGaN/GaN MQW nanopillars were then fabricated by using self-assembled Ni nanodots as etching mask. First, a 300 nm thick SiO 2 thin film was deposited on the LED sample by plasma-enhanced chemical-vapor deposition, followed by the electron-beam evaporation of a Ni metal film. Then a rapid thermal annealing at 850 C under nitrogen ambient was used to form self-assembled Ni nanodots. Afterwards the sample was etched down to the n-type GaN layer with inductively coupled plasma etching technique and by using self-assembled Ni nanodots as etching mask to transfer the island pattern on the nano-sized Ni metal to the sample. Finally, the Ni/SiO 2 capping layer was removed by a buffer oxide etchant (BOE) to expose the MQW nanopillars. The nanopillar fabrication process has been reported in detail elsewhere. 17 Nanopillars with different size and density can be obtained by using different Ni film thickness. From the scanning electron microscopy (SEM) images shown in Figs. 1(a)-1(d), we can see that the nanopillars with average diameters from $120 to 250 nm, respectively, and a height of approximately 700 nm were fabricated as the Ni film thickness was varied from 6 to 15 nm.
The Raman spectra were recorded at room temperature using a WITec-Alpha scanning confocal micro-Raman system in a backscattering geometric configuration. The samples were excited with the 514.5 nm line of an Ar þ laser. Figure 2 shows the Raman spectra collected from the unetched planar sample and nanopillar arrays with different diameters. Distinct peaks at about 569 and 734 cm À1 were observed for all the samples, which were assigned to the E 2 (high) phonon and the A 1 (LO) phonon mode of wurtzite GaN, respectively. 18 In addition, a weak peak located around 417 cm À1 was also observed, which has been already identified to be a vibration mode of N-rich Ga-N bond configuration in GaN based nanostructures. 18 As seen in Fig. 2 (2011) nanopillars compared with the unetched planar sample. Moreover, the Raman peak position of this additional mode depends strongly on the size of the InGaN/GaN MQW nanopillars, as marked by vertical arrows in Fig. 2 . Due to the presence of surface roughness in the nanopillar sample and size dependence feature of the additional mode, we assign it to the SO phonon modes. From Fig. 2 the peak positions of the unique phonon mode of the nanopillars with average diameters of 120, 160, 200, and 250 nm can be determined to be 687, 692, 699, and 701 cm À1 , respectively. Clearly, the phonon mode shifts toward the higher frequency direction with increasing the nanopillar diameter, indicating that the additional vibrational mode shall be the SO phonon mode in nanostructures.
It has been established that the SO phonon mode frequency is determined by the dielectric constant of the surrounding medium, as well as the particles shape and size. 9, 10 In our case, the main parameter determining the SO phonon frequency is the diameter of the nanopillars. The expression for the SO phonon frequency from a 1-D nanostructure is given by
where x TO is the TO phonon mode frequency, e 0 and e 1 the static and high-frequency dielectric constants of the material, respectively, and e m the dielectric constant of the medium which is air in our case. And q nx is given by
where I j ðxÞ and K j ðxÞ (j ¼ 0,1) are the modified Bessel functions and x ¼ qr (r is the radius of the nanopillars and q is the wave vector , respectively. It is known that only SO phonon mode pertaining to E 1 (TO) character can be distinctly observed for InGaN by Raman scattering. 16 So the observed SO phonon peak in our experiment shall be associated with E 1 mode. Figure 3 113115 (2011) scattering for the nanopillars with diameter of 120 nm. Then, the corresponding wave vector q can be calculated as shown in Fig. 3(a) 
113115-
). As the nanopillars with different diameters were fabricated with the same process and the undulation period in the sidewall surface for different diameters was similar as shown in Fig. 3(c) , q % 0.027 nm À1 can be taken for all the nanopillars. Then the values of qr were calculated to be 2.13, 2.67, and 3.33 for the InGaN/GaN MQW nanopillars with diameters of 160, 200, and 250 nm, respectively. The values of qr, experimental and calculated SO phonon mode peaks for different diameters are listed in Table I and plotted in Fig. 3(b) for comparison. From Fig. 3(b) it can be seen that good agreement between experiment and calculation has been achieved.
The SO phonon intensity is determined by the magnitude of surface roughness due to the breakdown of translation symmetry of the surface potential. 12 Therefore, the wavelength of the surface potential which is responsible for breaking the symmetry and activating the SO phonon was then evaluated by k ¼ 2p/q and calculated to be 236 nm when q ¼ 0.027 nm À1 for the InGaN/GaN MQW nanopillars. As shown in Fig. 3(c) , surface roughness with an undulation period of $120 nm was observed in nanopillars. Modulation period with any integral multiple equivalent to k is sufficient to initiate breakdown of translational symmetry for the surface potential contribution to the SO phonons. In our case, 2 nm Â 120 nm ¼ 240 nm which is approximately equal to k can make the intensity of the surface modes comparable to those of other observed phonons modes.
Because the SO phonon mode is localized to the surface and interface, 10 the SO phonon intensity should be associated with the surface configuration of the nanopillars. We have measured the Raman images of the nanopillar and unetched planar samples for an area of 3 lm Â 3 lm. The images of GaN E 2 (high)-mode integral intensity for the planar sample, GaN E 2 (high)-mode and the SO phonon mode integral intensity for the 160 nm nanopillars are shown in Figs. 4(a)-4(c) for comparison. In sharp contrast to the homogeneous distribution of the GaN E 2 (high)-mode in the planar sample, the Raman images of the nanopillars clearly exhibit the pillar distribution with bright spots. More interestingly, the Raman images of the GaN E 2 (high)-mode and the SO mode in the nanopillar sample show a distinct spatial correlation, indicating that the SO phonon modes are really localized on the nanopillar's surface.
In conclusion, the InGaN/GaN MQW nanopillars with different diameters using self-assembled Ni nanodots as etching mask were fabricated. An interesting SO phonon mode was firmly identified in the nanopillars through Raman spectroscopic and imaging measurements and theoretical calculations. The characteristic frequency of the SO phonon mode was found to show a theoretically predicted dependence on the diameter of nanopillars. Spatially correlated relationship between the Raman images for GaN mode and SO mode was observed, giving an additional support to the conclusion that the SO phonon modes are localized on the surfaces of nanopillars. 
